Soon after launch, the Advanced CCD Imaging Spectrometer (ACIS), one of the focal plane instruments on the Chandra X-ray Observatory, suffered radiation damage from exposure to soft protons during passages through the Earth's radiation belts. Current operations require ACIS to be protected during radiation belt passages to prevent this type of damage, but there remains a much slower and more gradual increase. We present the history of ACIS charge transfer inefficiency (CTI), and other measures of radiation damage, from January 2000 through June 2005. The rate of CTI increase is low, of order 10 −6 per year, with no indication of step-function increases due to specific solar events. Based on the time history and CCD location of the CTI increase, we speculate on the nature of the damaging particles.
INTRODUCTION
The Chandra X-ray Observatory, the third of NASA's great observatories in space, was launched just past midnight on July 23, 1999, aboard the space shuttle Columbia.
1 After a series of orbital maneuvers Chandra reached its final, highly elliptical, orbit. Chandra's orbit, with a perigee of 10,000 km, an apogee of 140,000 km and an initial inclination of 28.5
• , transits a wide range of particle environments, from the radiation belts at closest approach through the magnetosphere and magnetopause and past the bow shock into the solar wind.
The Advanced CCD Imaging Spectrometer (ACIS), one of two focal plane science instruments on Chandra, utilizes frame-transfer charge-coupled devices (CCDs) of two types, front-and back-illuminated (FI and BI). Soon after launch it was discovered that the FI CCDs had suffered radiation damage from exposure to soft protons scattered off the Observatory's grazing-incidence optics during passages through the Earth's radiation belts.
2
Since mid-September 1999, ACIS has been protected during radiation belt passages and there is an ongoing effort to prevent further damage and to develop hardware and software strategies to mitigate the effects of charge transfer inefficiency on data analysis. 3 Ref. 4 discusses the radiation management strategy on Chandra.
This paper begins by describing the calibration data used to monitor radiation damage in Section 2. Section 3 describes in detail the characteristics of ACIS radiation damage. The evolution of ACIS radiation damage is discussed in Section 4. Section 5 speculates on the nature of the on-going damage.
DATA
All the results shown here are based on data taken of the ACIS External Calibration Source (ECS) which uniformly illuminates the ACIS CCDs when ACIS is moved out of the telescope focus. Since the discovery of the initial radiation damage, a continuing series of observations of the ECS have been undertaken just before and after the instruments are safed for perigee passage to monitor the performance of the ACIS CCDs. ACIS is placed in the stowed position exposing the CCDs to the ECS which produces many spectral features, the strongest of which are Mn-Kα (5.9 keV), Ti-Kα (4.5 keV), and Al-K (1.5 keV). Figure 1 shows a spectrum of the ECS and labels the brightest features. The data are taken in the standard Timed Exposure mode with a 3.2 second frame time. Typical exposure times for each observation range from 5.5 to 8 ksecs. ACIS events are recorded as 3 x 3 pixel event islands. All the observations used in this paper were taken with a focal plane temperature set-point of -120
• C and all the analysis concentrates on the Mn-Kα spectral line at 5.9 keV.
CHARACTERISTICS OF ACIS RADIATION DAMAGE
One symptom of radiation damage in CCDs is an increase in the number of charge traps. When charge is transfered across the CCD to the readout, some portion can be captured by the traps and gradually re-emitted. If the original charge packet has been transfered away before the traps re-emit, the captured charge is "lost" to the charge packet. The pulseheight read out from the instrument which corresponds to a given energy decreases with increasing transfer distance. This process is quantified as charge transfer inefficiency (CTI), the fractional charge loss per pixel and is calculated from a linear fit to the pulseheight versus row number; CTI = (slope/intercept). X-ray events on ACIS CCDs can produce charge packets which occupy multiple pixels. We, however, compute CTI from the center pixel pulseheight alone.
Damage can exist in the imaging or framestore array, causing parallel CTI in the column direction, or in the serial register, causing serial CTI along rows. The ACIS CCDs come in two flavors, front-and back-illuminated, which have different manifestations of CTI. The distribution of re-emission time constants of the electron traps which cause CTI vary depending on the type of damage. In addition, the pixel to pixel transfer time in the imaging, framestore and serial arrays differs so that the same species of electron trap can produce different CTI results.
Measured CTI is a function of fluence or, more specifically, the amount of charge deposited on the CCD. 5 As the fluence increases, traps filled by one charge packet may remain filled as a second charge packet is transferred through the pixel. The second charge packet sees fewer unoccupied traps as a result of the previous "sacrificial charge" and loses less charge then it would have otherwise. Whether sacrificial charge is important depends on the interaction of the pixel transfer time, the typical distance between charge packets and the re-emission time constant of the traps. For observations of the ACIS ECS and for most Chandra observations in general, the primary source of sacrificial charge is the particle background. The measured CTI will therefore be a function of the particle environment. (For more on sacrificial charge in ACIS CCDs, see Ref. 6) In addition to sacrificial charge effects, measured CTI is also a function of temperature. The detrapping time constant decreases as the temperature increases so that different populations of traps can become more or less important. The distribution of trap time constants at a particular temperature determines the CTI, so temperature can positively or negatively correlate with CTI. The standard operating temperature of the ACIS focal plane is -120
• C. In some spacecraft orientations, such as when the bright Earth is visible to the ACIS radiator, the cooling efficiency is reduced such that the focal plane temperature rises occasionally by as much as five degrees. This is most common during perigee passages so that ECS measurements have much larger temperature variations than do typical science observations.
There are a number of ways in which CTI changes the overall instrument performance. The cumulative charge loss causes a strong position dependence in the pulseheight, the line response function and the quantum efficiency. At the bottom of the CCD closest to the readout the performance is the same as the original undamaged CCD. The pulseheight of each spectral line decreases with increasing row number due to the increasing transfer distance. The width of each spectral feature also increases with increasing transfer distance due to a number of factors. The charge trapping and re-emission process is stochastic, and this additional noise in the pulseheight distribution increases with each transfer. The trap distribution is non-uniform, so without calibration on the scale of a few pixels, this adds to the spectral width. Finally, there are variations in trap occupancy which increase the charge loss distribution. 6 All of these effects are applied to the charge in each pixel, so multi-pixel events will be more degraded than single-pixel events.
The charge loss and re-emission process can also change the morphology of the X-ray event. ACIS events are recorded as 3 x 3 pixel islands. Each event island is assigned a grade based on the charge distribution. In this manner X-ray events can be distinguished from the much more common cosmic ray events which have distinctly different event island distributions. Events with grades that are least likely to be from X-rays are ignored in analysis and a subset are discarded on-board to reduce telemetry requirements. After the cumulative charge loss and re-emission during transfer, X-ray events can be smeared into morphologies commonly associated with cosmic rays. The produces a row-dependent loss of quantum efficiency. At the current damage level of the ACIS FI CCDs, the quantum efficiency loss is small and is only important for high energy X-rays which have a higher proportion of multi-pixel events.
Measuring parallel CTI is relatively straight-forward; simply fit a linear function to the pulseheight as a function of row. Serial CTI is measured in much the same way, using column instead of row number, but can be difficult to disentangle from parallel CTI effects. We measure serial CTI by selecting events from the bottom rows of the CCD, thus minimizing any crosstalk with parallel CTI. Since no X-ray events occur in the framestore, it is difficult to directly measure parallel CTI in the framestore array. If significant charge loss occurs in the framestore, we expect to see a non-linear flattening of charge loss at the bottom of the imaging array due to the change in sacrificial charge environment from the framestore to imaging arrays. It is possible, however, to estimate changes in framestore CTI by monitoring the pulseheight of events at the bottom of the imaging array. Assuming that the electronic gain remains the same, any pulseheight decrease can be used to estimate the change in framestore CTI.
CTI in Front-illuminated CCDs
The eight front-illuminated CCDs had essentially no CTI before launch, but are strongly sensitive to radiation damage from low energy protons (∼100 keV) which preferentially create traps in the buried transfer channel. The framestore covers are thick enough to stop this radiation, so the initial damage was limited to the imaging area of the FI CCDs. Radiation damage from low-energy protons is now minimized by moving the ACIS detector away from the aimpoint of the observatory during passages through the Earth's particle belts. Continuing exposure to both low and high energy particles over the lifetime of the mission slowly degrades the CTI further. Figure 2 is a scatter plot of the center pixel pulseheight of each X-ray event versus its row number for a single node of the FI CCD I3. Each of the diagonal lines is a spectral feature in the ACIS calibration source. The pulseheight of each spectral line decreases with increasing row number as the line width increases. As of January 2000, the parallel CTI at 5.9 keV of the ACIS FI CCDs varied across the focal plane from 1 − 2 × 10 −4 at the nominal operating temperature of -120
• C. Parallel CTI in the framestore array and serial CTI were not affected by the initial radiation damage and remain negligible with upper limits of < 10 −6 (framestore array) and < 2 × 10
(serial array).
CTI in Back-illuminated CCDs
The two back-illuminated CCDs (ACIS-S1,S3) suffered damage during the manufacturing process and exhibit CTI in both the imaging and framestore areas and the serial transfer array, but are less sensitive to the low energy particles which damage the FI CCDs because they cannot reach the transfer channel. The parallel CTI at 5.9 keV of the ACIS-S3 BI CCD was ∼ 1.6 × 10 −5 at a temperature of -120
• C at the beginning of the mission with a strong non-linear flattening of pulseheight at low row numbers due to CTI in the framestore array. The serial CTI is much larger, ∼ 8 × 10 −5 . The ACIS-S1 device has poorer performance than the S3, and the parallel and serial CTI are approximately twice that of S3.
Trailing Charge
We also use an additional metric, the trailing charge fraction, to characterize the radiation damage on ACIS CCDs. CTI is a measure of the quantity of charge traps, but does not directly characterize the distribution of trap time constants, except indirectly through the interaction with sacrificial charge. A better accounting of the trap time constants can be done with careful analysis of the trailing charge behind each event. As the events are transfered the charge lost to the original packet is re-emitted into the following pixels. The exponential decay in the trailing charge can be used to determine the time constants of the electron traps. Ref. 2 describes such an analysis for the ACIS CCDs using full-frame data. Telemetry constraints limit the quantity of full-frame data available, so we concentrate here on the charge in the first trailing pixel which is always telemetered as part of the standard 3 x 3 pixel event island. The ratio of the charge in the first trailing pixel to the charge lost from the central pixel can be used to characterize the trap distribution in a general way. A higher trailing charge fraction implies more traps with shorter time constants which deposit most of their captured charge close to the original event. The trailing charge fraction for the FI CCDs is ∼ 0.04, while for the BI CCDs it is closer to 0.4 (parallel) and 0.15 (serial). No corrections have been applied for focal plane temperature or particle background variations. The upward scatter for the FI CCDs is due to warmer than nominal focal plane temperatures, while the sawtooth shapes in the lowest CTI numbers are due to sacrificial charge from the particle background. The BI CCD is clearly less sensitive to both effects.
EVOLUTION OF ACIS RADIATION DAMAGE
The characteristics of the traps in the FI CCDs are highly sensitive to the ambient particle background and the focal plane temperature, while the BI CCDs are less sensitive. Monitoring the actual level of radiation damage requires removing both these effects. Figure 3 shows the measured parallel CTI since January 2000 without any corrections for temperature or sacrificial charge from the particle background. The mean of the four ACIS-I CCDs (I0-I3) are used to typify the behavior of FI CCDs while the ACIS-S3 CCD is used for BI CCDs.
CTI Dependence on Particle Background
In Chandra's high altitude orbit, cosmic rays account for a large fraction of the charge deposited on the CCDs. If the cosmic ray background rate were changing, one would expect to see the changes reflected in the measured CTI. The time period of this study encompasses many interesting events that affect the particle background such as nearly half a solar cycle, solar maximum, and the largest solar X-ray flare ever observed. As a measure of the particle background rate in situ, we are using the counting rate of events on the BI CCD S3 with pulseheights greater than 3750 ADU (∼ 15 keV). At these high energies, the effective area of the telescope mirrors is essentially zero, so these events are caused by energetic particles rather than astrophysical X-rays. Using S3, which is more robust against the low-energy protons that caused the initial damage, should should minimize any radiation damage induced structures. Figure 4 shows the long-term trend of the S3 high energy rate which correlates well with high energy (> 10 MeV) protons.
7 Some of the structures seen in the particle background rate can also be seen in the measured CTI shown in Figure 3 . Initially, when the particle background was monotonically decreasing and the CTI was increasing, it was difficult to differentiate between radiation damage and sacrificial charge effects. Now that degeneracy is broken and CTI data with identical background rates taken years apart can be used to determine the true increase due to continuing radiation damage. We have chosen to group the CTI data in bins two counts/frame wide. To remove the temperature variations, we only select data with a mean temperature of -119.9
• to -119.7
• C. The true CTI increase can then be calculated for each group of identical background rate CTI measurements. We can then reverse this process and determine the correction factor for the measured CTI that removes the background dependence. Parallel CTI on the FI CCDs is relatively sensitive to changes in the particle background rate. A change of 10% in the background rate produces a change of ∼ 2 × 10 −6 or about 1.6% in measured CTI. The BI CCD parallel CTI is less sensitive -a change of 10% in the background rate produces a change of ∼ 2 × 10 −7 or The data have been filtered to remove temperature dependence. Many of the structures seen in the uncorrected data are absent after correcting for the particle background variation. about 1.0% in the measured CTI. For the BI CCD serial CTI, a change of 10% in the background rate produces a change of ∼ 2 × 10 −6 or about 16%. Figure 5 shows the I-array FI CCD CTI before and after correcting for particle background variations.
CTI Dependence on Temperature
When the ACIS door was first opened, not long after launch, the focal plane temperature was kept warmer than nominal, in order to reduce the accumulation of contamination. The temperature was stepped downward until January 2000 when the focal plane was set to the nominal -120
• C. This temperature was selected to minimize performance degradation of the radiation damage that was expected throughout the mission lifetime and is the lowest temperature that can be feasible maintained. In some spacecraft orientations, such as when the bright Earth is visible to the ACIS radiator, the cooling efficiency is reduced such that the focal plane temperature rises occasionally by as much as five degrees. This is most common during perigee passages so that ECS measurements have much larger temperature variations than do typical science observations. The frequency of such deviations has increased slightly, but much of that is due to the implementation of new constraints on spacecraft orientation from other systems. The nominal cold state has not drifted upwards more than 0.2
• C.
Since the time constants of the traps that cause CTI are dependent on temperature, we expect some variation of measured CTI due to focal plane temperature deviations. To monitor the level of radiation damage, these temperature effects must be removed, either by filtering the data or by correcting it. Figure 6 shows the temperature dependence of CTI for the I-array FI CCDs and the ACIS-S3 BI CCD after removing the particle background variations and the secular CTI increase. The FI CCD CTI is strongly correlated with temperature while the BI CTI has a weak anti-correlation. The serial CTI on the BI CCDs is weakly correlated with temperature. An increase in temperature of one degree produces an increase in FI CCD CTI of ∼ 3.4 × 10 −6 (2.2%), a decrease of ∼ 2.4 × 10 −7 (1.3%) in BI parallel CTI and an increase of ∼ 4.3 × 10 −7 (0.5%) in BI serial CTI. These differences are due to the different nature of the two types of damage. The FI CTI-temperature relation is best characterized by a second order polynomial, while a linear fit is sufficient for the BI CCD. We performed the same fit to the CTI-temperature relation for each six month period and found no evidence for time-dependence in this relation.
CTI Increase
After removing the effects due to variations in focal plane temperature and sacrificial charge from the particle background, we can now study the time evolution of radiation damage with the corrected CTI. Figure 7 shows the corrected parallel CTI for the I-array FI CCDs and the ACIS-S3 BI CCD as a function of time. This can be compared to Figure 3 which shows the same data without any corrections. The FI and BI CTI increase now have similar approximately linear shapes. There is no indication of step-function increases due to specific solar events. As an example, the "Halloween" 2003 solar storm, considered one of the most powerful in this solar cycle, produced no corresponding change in CTI to < 6 × 10 −7 . Measuring serial CTI on the FI CCDs is difficult because of the strong parallel CTI component, but the FI CCDs do not yet have any measurable serial CTI. Figure 8 shows the corrected serial CTI for the S3 BI CCD as a function of time. Neither type of CCD shows evidence for increasing serial CTI. The change in framestore CTI is measured indirectly and is therefore more uncertain, but a small change in framestore CTI is possibly seen for both types of CCD. Table 1 lists the initial CTI and the rate of increase after the corrections for temperature and particle background
Trailing Charge Evolution
As described in section 3.3, the fraction of the charge lost from a pixel that is re-emitted into the next pixel can be used to roughly characterize the time constants of the traps. Figure 9 shows the trailing fraction as a function of time for the I-array FI CCDs and the ACIS-S3 BI CCD. Since we expect the time constants to be temperature sensitive, we have filtered the data by temperature. Initially the BI CCDs had a much larger trailing fraction than the FI CCDs, presumably because the BI CCDs have more traps with shorter time constants. The trailing fraction for each type of CCD has evolved slightly over the past five years. The FI CCD trailing fraction has increased by ∼ 2.1%, while the BI CCD has decreased by 7.0%. Neither the increase nor the decrease appear strictly linear. 
CONCLUSIONS
The data on the increasing radiation damage can be used to speculate as to the nature of the particles causing the damage. The initial damage was limited to the imaging array of the FI CCDs which implied that the ∼ 2.5 mm of aluminum in the framestore cover was sufficient to block the damaging particles. Furthermore, the 40 µm substrate of the BI CCDs was also sufficient to prevent the damaging particles from reaching the transfer channel. These characteristics, plus modelling of the environment and mirrors, led to the conclusion that low energy protons (few hundred keV) scattered off the Chandra mirrors were the likely culprit.
The subsequent damage does not appear to be identical to the initial damage. Unlike the initial damage, the parallel CTI of the BI CCDs has increased and there is some evidence for an increase in CTI in the framestore array. This implies that some of the damage is from higher energy particles (> 1 MeV). Low energy protons must still be present however, since the increase in parallel CTI of the FI CCDs is more than three times that of the BI CCDs. The upper limits on changing serial CTI do not put any strong restrictions on the nature of the damaging particles.
In addition to the CTI evidence, the evolution of the trailing fraction implies that the long-term radiation damage is not produced by the same spectrum of particles that produced the initial damage. The FI CCDs show a small increase in the trailing fraction which implies that there are relatively more short time constant traps than initially, while the BI CCDs which started with a much higher proportion of short time constant traps than the FI CCDs, are trending towards longer traps.
Since low energy protons cannot reach the ACIS CCDs except when the detector is in the telescope focal plane, and ACIS not in the focal plane during transits through Earth's radiation belts, the portion of the damage from low energy protons must occur during the remaining part of the orbit when Chandra is observing astrophysical sources. In contrast, the high energy particles, depending on the energy, may be penetrating the spacecraft and so can cause damage during any part of the orbit.
ACIS radiation management strategy stows ACIS during radiation belt passages and during times of high solar or geomagnetic activity.
